S U M M A R Y In research as well as in clinical applications, fluorescence in situ hybridization (FISH) has gained increasing popularity as a highly sensitive technique to study cytogenetic changes. Today, hundreds of commercially available DNA probes serve the basic needs of the biomedical research community. Widespread applications, however, are often limited by the lack of appropriately labeled, specific nucleic acid probes. We describe two approaches for an expeditious preparation of chromosome-specific DNAs and the subsequent probe labeling with reporter molecules of choice. The described techniques allow the preparation of highly specific DNA repeat probes suitable for enumeration of chromosomes in interphase cell nuclei or tissue sections. In addition, there is no need for chromosome enrichment by flow cytometry and sorting or molecular cloning. Our PCR-based method uses either bacterial artificial chromosomes or human genomic DNA as templates with a-satellite-specific primers.
Here we demonstrate the production of fluorochrome-labeled DNA repeat probes specific for human chromosomes 17 and 18 in just a few days without the need for highly specialized equipment and without the limitation to only a few fluorochrome labels. (J Histochem Cytochem 54:1363 -1370 , 2006 K E Y W O R D S chromosome enumeration DNA repeats DNA probes fluorescence in situ hybridization chromosomes 17 and 18 MOLECULAR CYTOGENETIC ANALYSES using fluorescence in situ hybridization (FISH) have gained an increasing role in the detection of numerical and structural chromosome aberrations in diverse fields such as perinatal cytogenetic analyses and preimplantation Weier et al. 1991) . Paralleling an increasing demand for DNA probes, the availability, cost, specificity, and efficiency of these probes have become important parameters. Consequently, resources generated in the course of the International Human Genome Project, yeast artificial chromosome and bacterial artificial chromosome (BAC) libraries (Weissenbach et al. 1992; Ioannou et al. 1994) , have been used extensively for the generation of chromosome-or locus-specific, single copy DNA probes (Weier et al. 1991 (Weier et al. ,1994 Fung et al. 1998 Fung et al. ,2001 . The present report describes the targeted amplification of chromosome-specific repeat DNA sequences by taking advantage of BAC clones that map close to a centromere. These serve as DNA templates for the PCR-based generation of specific DNA repeat probes yielding bright centromere-specific FISH signals on the target chromosomes.
Generally, the basic repeat units of a-satellite DNA are divergent AT-rich monomers of z171 bp organized in chromosome-specific higher-order repeat units (Manuelidis 1978a,b; Mitchell et al. 1985; Willard 1991) . a-Satellite DNA clusters most often contain monomer variants that differ from the consensus sequence by up to 40% (Rosandic et al. 2003 ). On human chromosomes, clusters of tandemly repeated alphoid DNA consist of distinct subfamilies whose total number exceeds the number of chromosomes (Jorgensen 1997) . At least 33 different alphoid subfamilies have been identified to date based on their repeat organization. Whereas some subfamilies are specific for a single chromosome and others are shared among a small group of chromosomes (Rosandic et al. 2003) , all are descendants from two ancestral prototype sequences (Alexandrov et al. 1988 (Alexandrov et al. ,2001 . Every non-acrocentric human chromosome possesses at least one chromosome-specific family of asatellite defined by a unique higher-order repeat unit, one to five monomers long. Moreover, this unique set of monomeric types of each suprachromosomal family is often characterized by alternating genomic sequences (Romanova et al. 1996) . The primate X centromere, for instance, appears to have evolved through repeated proximal expansion events by unequal recombination occurring within the central, active region of the centromeric DNA (Schueler et al. 2005) .
Almost all of the human BAC clones on hand have been mapped to the euchromatic portion of the genome and are mostly devoid of centromeric repeat sequences. However, BAC clones that map in the proximity of centromeres frequently contain single copies of DNA repeats such as satellite DNA derived from evolutionary expansion of centromeric regions (She et al. 2004 ). The human pericentromeric regions, i.e., regions on the proximal chromosome arms near the centromere, are known hot spots for duplication events as well as being prone to genetic instability (Eichler 1998 ). On certain chromosomes, considerable variability of segmental duplications exists within z5 Mbp from the centromere, occasionally leaving clusters of alphoid sequences near the centromere (She et al. 2004) . With an increasing number of fully sequenced BAC clones and, even more important, their DNA sequences publicly available, simple database searches allow rapid identification of promising clones for the generation of chromosome-specific DNA repeat probes. Hence, using BAC clones from pericentromeric regions such as PCR templates with a-satellite-specific primers effectively reduces the complexity of the a-satellite subfamilies and may result in chromosome-specific DNA probes. Without this reduction of complexity, cross-hybridization of the FISH probes to non-homologous chromosomes will render them unsuitable for detecting a single chromosome pair in metaphase or interphase cells. For cytogenetic diagnosis, however, the production of bright and specific DNA FISH probes with the desired fluorescent labels for multicolor, multitarget analyses is of paramount importance to reliably detect numerical and structural chromosomal abnormalities.
Using the evolutionary dispersion of alphoid repeats from their centromeric origin to more distal loci and the publicly available information on pericentromeric BACs to our advantage, we present a versatile and rapid procedure to generate chromosome-specific DNA repeat probes by PCR amplification and subsequent fluorochrome labeling. Althought the procedures outlined below can be applied to prepare DNA probes for other chromosomes or species, this report presents the preparation of DNA repeat probes specific for human chromosomes 17 and 18.
Material and Methods

BAC Clones Selection and DNA Preparation
BAC clones 285M22 (GenBank accession number AC131274) and 18L18 (GenBank accession number AC136363) from the RP11 library (Invitrogen; Gaithersburg, MD) were chosen based on information available from the UC Santa Cruz (UCSC) genome sequence database (http://genome.ucsc.edu/ cgi-bin/hgGateway) and the U.S. National Institutes of Health, National Center for Biotechnology Information (NIH/NCBI) (http://www.ncbi.nlm.nih.gov/mapview/map_search.cgi? taxid59606). Both BAC clones contain dispersed alphoid sequences. Detailed DNA sequence information as well as structural organization of the repeats within these BACs can be found in the above-mentioned databases. In addition, Rudd et al. (2006) present an excellent description of the evolutionary dynamics of alphoid sequences within the pericentromeric region of human chromosome 17.
BAC clones were cultured overnight in 10 ml Luria-Bertani medium containing 12.5 mg/ml chloramphenicol (Sigma; St Louis, MO) (Weier et al. 1995b) , and DNA was isolated using an alkaline lysis DNA extraction protocol (Birnboim and Doly 1979; Weier et al. 1994 Weier et al. ,1995a .
PCR and DNA Labeling
For PCR, 100 ng genomic DNA (Sigma) or BAC DNA was used as amplification templates. PCR reactions (50 ml) were performed using 0.02 U/ml Taq Polymerase (Invitrogen) or JumpStart Taq polymerase (Sigma) in 13 PCR buffer (Invitrogen), 1.5 mM MgCl 2 , 0.2 mM of each dNTP, and 0.6 mM of the forward and reverse primers (Qiagen; Alameda, CA). Primers for chromosome 17 were P17H8-F1 and P17H8-R1-r (P17H8-F1: TGAACATTCCTATTGATAGAG-CAG, P1H8-R1-r: CTCCAGTTTTTATGTGACCATAA, product size: 799 bp) (Waye and Willard 1986) . Primers pYAM9-60F1 and pYAM9-60R2-r for chromosome 18 (pYAM9-60F1: CTGCAGCGTTCTGAGAAA-CATC, pYAM9-60R2-r: GCGGGAATTCATACAAATTGCAG, predicted product size: 1311 bp) were selected within the cloned pYAM 9-60 sequence (Alexandrov et al. 1991 , gene bank accession number M65181). After an initial denaturation step of 1 min at 95C, 35 PCR cycles followed: denaturation at 95C for 30 sec, primer annealing at 54C for 1 min, and primer extension at 72C for 3 min. Ramp time was set to 1 min for all three steps. A final step at 72C for 10 min concluded the PCR. PCR products were confirmed on a 2% agarose gel ( Figure 1A ) by applying 5 ml of the PCR reaction mixed with 1 ml of 0.4 g/ml sucrose solution.
At this point, random priming was used to label the PCRderived probe DNAs with biotin-14-dCTP or digoxigenin-11-dUTP (Roche Diagnostics; Indianapolis, IN) using a commercial kit (BioPrime Kit; Invitrogen). When incorporating digoxigenin, the dTTP to digoxigenin-dUTP ratio in the reaction was adjusted to 2:1 (Weier et al. 1995b; Fung et al. 1998 Fung et al. ,2001 .
FISH
For FISH, 1 ml of either DNA probe, 1 ml of human Cot-1 DNA (1 mg/ml; Invitrogen), 1 ml of salmon sperm DNA (10 mg/ml; Invitrogen), and 7 ml of the hybridization master mix (78.6% formamide, 14.3% dextran sulfate in 1.433 SSC, pH 7.0; 203 SSC is 3 M sodium chloride, 300 mM trisodium citrate) were thoroughly mixed and denatured at 76C for 10 min. For preannealing, hybridization mixture was then incubated at 37C for 30 min, allowing the Cot-1 DNA to preanneal to the probes. In parallel, metaphase slides prepared from phytohemagglutinin-stimulated peripheral blood lymphocytes from a karyotypically normal male (Fung et al. 2001) were denatured for 3 min at 76C in 70% formamide/ 23 SSC, pH 7.0, dehydrated in 70%, 85%, and 100% ethanol for 2 min each step, and allowed to air dry. Hybridization mixture was then carefully applied to the slides, covered with a 22 3 22 mm 2 coverslip, and sealed with rubber cement. Slides were incubated overnight in a moist chamber at 37C. After removing rubber cement and the coverslips, slides were washed in 0.13 SSC at 43C for 2 min, then incubated in PNM [5% non-fat dry milk (NESTLÉ Carnation; Wilkes-Barre, PA), 1% sodium azide (Sigma) in PN buffer that is 0.1 M sodium phosphate buffer, pH 8.0, 1% Nonidet-P40 (Sigma)] 
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Chromosome-specific DNA Repeat Probes for 10 min at room temperature. Bound probes were detected with fluorescein-conjugated avidin (avidin DCS; Vector Laboratories, Burlingame, CA) and rhodamine-labeled anti-digoxigenin antibodies (Roche Diagnostics). Finally, the slides were mounted in 49,6-diamidino-2-phenylindole (DAPI, 0.5 mg/ml; Calbiochem, La Jolla, CA) in antifade solution (Weier et al. 1995a,b) .
Image Acquisition and Analysis
Fluorescence microscopy was performed on a Zeiss Axioskop microscope equipped with a filter set for simultaneous observation of Texas Red/rhodamine and FITC and a separate filter for DAPI detection (ChromaTechnology; Brattleboro, VT). Images were collected using a cooled CCD camera (CCD-1300DS; VDS Vosskuehler, Osnabrü ck, FRG). Further processing and printing of images were done using the image processing software Adobe Photoshop (Adobe Systems; San Jose, CA).
Results
Using genomic DNA as template and a-satellite-specific primers for chromosome 18 (Alexandrov et al. 1991) for PCR, four bands were observed (Figure1A, L1): a 700-bp strong band, a 350-bp band, and extra-high molecular mass bands z900 bp and 1300 bp. The very high molecular smear at the top of Lane L1 was likely to be an artifact related to the use of human genomic DNA as amplification template DNA. After labeling of PCR products with biotin, hybridization, and subsequent detection with FITC-conjugated avidin, PCR products worked exquisitely well as a centromere-specific DNA probe for chromosome 18. Bright, unambiguous signals were visible on both homologs of chromosome 18 ( Figure 1B) . However, using the same approach, we could not obtain chromosome 17-specific DNA repeat probes. Two bands were observed ( Figure 1A, L2 ) when using genomic DNA as template and chromosome 17 asatellite-specific primers (Waye and Willard 1986 ) for PCR. These DNA probes did yield bright FISH signals at the centromere of chromosome 17. However, multiple cross-hybridization signals on non-homologous chromosomes were observed ( Figure 1C ).
Because the first approach was not applicable for the preparation of chromosome 17 repeat probes with the desired high specificity, we used a second approach with two DNA templates isolated from chromosome 17-specific pericentromeric BAC clones containing alphoid repeat sequences (clones RP11-285M22 or RP11-18L18) in a modified PCR protocol ( Figure 1A , L3 and L4, PCR product of z799 bp). Both BAC clones were selected because of their pericentromeric map position and the fact that they contain alphoid DNA. First, BAC clone RP11-285M22 (Genbank accession number AC131274) and the shorter BAC clone RP11-18L18 (Genbank accession number AC136363) have been mapped in the pericentromeric region of chromo-some 17, band p11.1-11.2 (Figure 2A , data from the Genbank database). Second, the chromosome 17 pericentromeric region contains two monomeric a-satellite clusters, M2 and M3 ( Figure 2B) (Rudd et al. 2006) , which provided annealing sites for our chromosome 17 a-satellite-specific PCR primers. Furthermore, we detected no extra-low molecular mass band when the BAC DNA as template was used instead of genomic DNA ( Figure 1A, L3 and L4 vs L2). After labeling with either biotin or digoxigenin and detection with avidin-FITC or anti-digoxigenin-rhodamine, respectively, all probes prepared using the BAC DNAs yielded bright unambiguous signals at the centromeres of chromosome 17. Chromosome-specific probes prepared using BAC RP11-285M22 DNA ( Figure 1D) were also slightly brighter than that using BAC RP11-18L18 (result not shown). Finally, chromosome 17-and 18-specific repeat DNA has also been successfully labeled by random priming with fluorochrome-conjugated nucleotides such as Alexa-Fluor 532-dUTP (yellow fluorescence emission; Invitrogen) and Cy5.5-dCTP (infrared emission; Amersham Biosciences, Buckinghamshire, UK).
Discussion
FISH is a widely accepted molecular cytogenetic technique relying on chromosome-or gene-specific nucleic acid probes that produce unambiguous signals when bound to their respective targets. Despite a variety of commercially available FISH probes, DNA probes for many disease loci or centromeric probes labeled with a particular fluorochrome are often unavailable. Furthermore, multicolor FISH assays in basic and clinical research create an increasing demand for specifically designed probes. Large quantities of centromere-specific or Fchromosome enumerator_ probe DNAs for labeling with any suitable fluorochrome or fluorochrome-conjugate can be generated rapidly following the inexpensive procedures described above.
The two approaches for rapid PCR synthesis of probes differ in the choice of DNA template and PCR primers: for a known chromosome-specific DNA repeat sequence, one can generate the probe DNA from genomic template DNA employing target-specific oligonucleotides. A BAC DNA template in the alternative approach reduces the template complexity when less specific PCR primers are used. Table 1 shows a list of BAC clones that could potentially serve as templates for PCR. Whereas we kept the present study limited to BAC clones for chromosome 17, unique a-satellite DNA has been detected on 18/24 different human chromosome types using FISH probes. The remaining autosomes, i.e., chromosomes 5 and 19 (Baldini et al. 1989 ), 13 and 21 (Jorgensen et al. 1987) , as well as 14 and 22 (Choo et al. 1989 ) possess highly homologous alphoid sequences, and DNA probes typ-ically yield ambiguous FISH signals. Acrocentric human chromosomes also tend to exhibit a reduction in chromosome-specific a-satellite clusters, especially chromosome 21 with occasional low levels of this DNA (Weier and Gray 1992; Lo et al. 1999) .
In a targeted approach, we searched publicly accessible databases to define primers specific for the chromosome 18-derived alphoid cluster within the cloned pYAM 9-60 sequence (Alexandrov et al. 1991) . Although we used genomic DNA as a PCR template to generate the specific chromosome 18 probe DNA, it is very likely that other DNA templates such as cells from cultures, biopsies, or hair follicles lead to similar results. PCR products generated with the primer set pYAM9-60F1/-60R2-r appeared on agarose gels as multiple products with a single band in the target size region plus some amount of high molecular mass DNA fragments ( Figure 1A, Lane L1) . The resulting biotinylated DNA probe detected with avidin-FITC showed a unique, chromosome-specific hybridization signal at the centromere of chromosome 18 ( Figure 1B) . The higher-order alphoid centromeric repeats of chromosome 18 seem unique to this chromosome because they do not produce cross-hybridization signals when used in FISH.
High concentrations of clusters of tandemly repeated DNA are major obstacles in the generation of high-resolution physical maps of the human as well as other genomes (Cheng and Weier 1997) . Consequently, the first draft of the human genome map does not cover the centromeric regions of the chromosomes or the heterochromatic regions near the centromeres of chromosomes 1, 9, 16, and 19 (International Human Genome Sequencing Consortium 2004) . However, DNA repeats cluster originating from the centromere region can be found dispersed on proximal chromosome arms outside the centromere (Rocchi et al. 1991; She et al. 2004) .
Pericentromeric regions are defined as sequences extending from the centromere to the first cytogenetic band on a chromosome arm . In contrast to the highly conserved repetitive sequences within the human centromeres, pericentromeric sequences are enriched for inter-and/or intrachromosomally duplicated DNA (37.3%), single copies (49.7%), and satellite sequences (13%) (Grady et al. 1992) . Chromosome 18, for instance, consists of large tracts of duplications within its pericentromeric region (Mudge and Jackson 2005) . These duplications of repeated DNA sequences are likely due to unequal crossingover (Smith 1976; Willard 1991; Schueler et al. 2005) . Hence, with the number of fully sequenced BAC clones progressively increasing, the BAC clones mapped to either side of the centromere may contain interspersed al- D17Z1-B) consists of tandemly repeated a-satellite monomers organized in higher-order repeats. Please note that the centromeric heterochromatin is not drawn to scale; II: pericentromeric region contains clusters of monomeric (M1-M4) and single a-satellite repeats; III: the distal regions contain interspersed repeats, single copy DNA, and genes, as well as a few isolated a-satellite repeats.
phoid repeats within small clusters (see Table 1 ) and can serve as PCR templates to amplify amounts of chromosome-specific probe DNA.
For chromosome 17, the use of genomic DNA was not sufficient to generate a chromosome-specific DNA probe ( Figure 1C ). The primers employed (P17H8-F1 and P17H8-R1-r) (Waye and Willard 1986 , Genbank accession number M13882) seemed to be specific for a family of alphoid repeats not exclusively located on chromosome 17. Five suprachromosomal families of a-satellite DNA can be found on human chromosomes originating from different evolutionary events. Whereas chromosome 18 shows two distinct families, 2 as well as 4 and 5, chromosome 17 expresses the suprafamilies 3 and 4 (Alexandrov et al. 2001) with two distinct classes of monomeric a-satellite in the centromeric region, at which the M3 monomeric a-satellite on band 17p11 is more closely related to higher order a-satellite (Rudd et al. 2006) (Figure 2) . Thus, BACs from the proximal arms of chromosome 17 contain single copies of a subfamily of alphoid DNA repeats (Rudd et al. 2006) . Two pericentromeric BACs have been mapped to 17p11.1-17p11.2, RP11-285M22 at the position 22. 032-22.197 Mbp and the slightly shorter clone RP11-18L18 at position 22.098-22.170 Mbp. In a PCR with the P17H8-F1 and P17H8-R1-r primers and the selected BACs as templates, DNA probes were generated specifically for the centromere of chromosome 17 ( Figure 1D) .
In summary, the rapid approaches described here provide large amounts of DNA specific for the alphoid DNA repeats of chromosomes 17 and 18, which can be labeled with reporter molecules or fluorochromes of choice by either one of the readily available techniques, i.e., random priming, nick translation, tailing, or amination. The resulting chromosome-specific DNA probes have been successfully used for FISH resulting in bright, unambiguous signals in interphase and metaphase cells. Whereas commercial probes remain limited with respect to the kind and number of available fluorescent haptens, our approach will allow selection of any one of many commercially available fluorochromes for the DNA probes. This is expected to greatly facilitate a multitude of applications, among them Spectral Imaging analyses where it is necessary to use five to eight differently labeled FISH probes simultaneously (Fung et al. 2000 (Fung et al. ,2001 .
